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ABSTRACT
This thes is  descr ibes the design,  co ns t ruc t ion  and 
t e s t i n g  of  an apparatus f o r  the measurement of  the i n t e r ­
phase heat  t r a n s f e r  c o e f f i c i e n t  in packed beds a t  high 
temperatures and low Reynolds numbers.
The in terphase  heat t r a n s f e r  c o e f f i c i e n t  has to be 
i n f e r r e d  from the t r a n s i e n t  response of  the bed to a 
p e r t u r b a t i o n  in the temperature of  the gas en te r ing  the 
bed. The model used is the one suggested by Vortmeyer  
and Shaefer  (1 )  w i th  a term added to account f o r  the heat  
loss from the bed. The model conta ins a Pec le t  number (P e ) ,  
which is the summation of  the convect ive  and conduct ive heat  
t r a n s p o r t  occur r ing in the bed.
The temperature p r o f i l e s  generated by the numerical  
s o lu t io n  of  the model ,  fo r  d i f f e r e n t  values of  Pe are compared 
to . the exper imenta l  p r o f i l e s  and the sum of  the square of  the 
d i f f e r e n c e s  are computed. The value of  Pe th a t  r e s u l t s  in  
the l e a s t  d e v i a t i o n  is chosen.
Resul ts show t h a t  the model used can p r e d i c t  the e x p e r i ­
mental  temperature p r o f i l e s ,  fu r thermore ,  the value of  Pe 
determined from the model compares f a vo r ab ly  to the values  
c a lc u la te d  using c o r r e l a t i o n s  a v a i l a b l e  in the l i t e r a t u r e  
f o r  the e f f e c t i v e  a x i a l  thermal  c o n d u c t iv i t y  of  the bed wi th  
no f low (A°)  and the Nussel t  number, terms contained in the
i i i
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expression of  Pe. The Pe is de terminable  only i f  the heat  
l o s t  from the bed is minimized.
I t  can t h e r e f o r e  be concluded th a t  the apparatus b u i l t  
and the data reduc t ion scheme are capable of  determining an 
in terphase  heat  t r a n s f e r  c o e f f i c i e n t  provided t h a t  the value  
of is known a c c u r a t e ly  from an independent measurement.
i v
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INTRODUCTION
The knowledge of  in te rphase  heat  t r a n s f e r  c o e f f i c i e n t s  
in packed beds a t  low Reynolds numbers is e s s e n t i a l  in many 
areas of  chemical  en g i n e e r in g ,  s p e c i f i c a l l y  in o i l  shale  
r e t o r t s ,  coal and biomass g a s i f i e r s  and re ge n e r a t i v e  heat  
exchangers in coal f i r e d  MHD co nver te rs .  A l l  the above 
processes invo lve  temperatures higher  than or equal to 760K 
(900 °F)  where r a d i a t i v e  heat  t r a n s f e r  is important  i f  not  
domi na t i  ng.
The o v e r a l l  o b j e c t i v e  o f  th is  p r o j e c t  is to i n v e s t i g a t e  
the r a d i a t i v e  in terphase  heat  t r a n s f e r  process in packed beds 
as i t  appl ies  to o i l - s h a l e  r e t o r t i n g .  I t  is  shown in r e f e r ­
ence (9 )  t h a t  in condi t ions  s i m i l a r  to those encountered in 
o i l - s h a l e  r e t o r t s ,  r a d i a t i v e  heat t r a n s f e r  may be the predom­
inant mode of  heat  t r a n s f e r .
The scope of  t h i s  i n v e s t i g a t i o n  is to design,  bui ld  and 
t e s t  an apparatus f o r  the measurement .of in terphase  heat  
t r a n s f e r  c o e f f i c i e n t s  and to develop a s u i t a b l e  data reduc­
t io n  scheme. This work is l i m i t e d  to pure ly  convect ive  
s o l i d - f l u i d  heat  t r a n s f e r .  Future work w i l l  i nc lude r a d i a ­
t i v e  as wel l  as convect ive  heat  t r a n s f e r  based on the con­
c lusions  and recommendations of  th is  i n v e s t i g a t i o n .
Resul ts  obtained by o ther  i n v e s t i g a t o r s  ( 2 , 6 , 1 4 )  show 
the in te rphase  heat  t r a n s f e r  c o e f f i c i e n t  and t h e r e f o r e  the
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the Nussel t  number as a func t ion  o f  the Reynolds number ( 2 ) ,  
both the Reynolds number and the Prandt l  number (6 )  or the 
Reynolds number, the Prandt l  number and the void f r a c t i o n  of  
the bed ( 1 4 ) .
In terphase  heat  t r a n s f e r  c o e f f i c i e n t  data fo r  packed 
beds, a t  low Reynolds numbers, u n t i l  1979 are reviewed in 
refe rences  ( 6 , 1 8 , 1 9 ) .  I t  is  to be noted t h a t  the a v a i l a b l e  
exper imental  data are a l l  a t  low temperatures where r a d i a t i o n  
is un impor tant ,  moreover there  is considerab le  dissagreement  
in the repor ted r e s u l t s .  D i f f e r e n t  i n v e s t i g a t o r s  developed  
d i f f e r e n t  c o r r e l a t i o n s  fo r  the Nussel t  number as a func t ion  of  
the Reynolds number. These c o r r e l a t i o n s  do not y i e l d  compar­
able  r e s u l t s ,  in f a c t  the d i f f e r e n c e s  between the values they  
p r e d i c t  tend to increase as the Reynolds number decreases;  
hence the d i f f i c u l t y  o f  comparing exper imental  r e s u l t s  a t  low 
Reynolds number. I t  appears tha t  the d i f f e r e n c e s  are due to 
the d i f f e r e n t  models used in i n t e r p r e t i n g  exper imenta l  data .
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THEORY
D i r e c t  measurement o f  in te rphase  heat t r a n s f e r  c o e f ­
f i c i e n t s  requ i res  measurement of  heat  f luxes  and i n t e r ­
phase temperature d i f f e r e n c e s .  The in terphase  heat  t r a n s ­
f e r  c o e f f i c i e n t  is then:
h = Q/AT
where h is the heat t r a n s f e r  c o e f f i c i e n t ,  q is the heat  
f l u x  and AT the d r i v i n g  fo rc e .  In the case where strong  
r a d i a t i o n  is o c c u r r in g ,  e i t h e r  s o l i d  to s o l i d  or s o l i d  to 
f l u i d ,  the temperature o f  the f l u i d  is not measurable , there  - 
fo re  heat  t r a n s f e r  c o e f f i c i e n t s  cannot be measured d i r e c t l y ;  
they have to be i n f e r r e d  by other  means.
In terphase  heat t r a n s f e r  c o e f f i c i e n t s  in packed beds 
can be c a lc u la t e d  i n d i r e c t l y  from the dynamic response of  
the bed to an induced p e r t u r b a t io n  o f  the temperature o f  the  
f l u i d .  The p e r t u r b a t io n  can be a pu lse ,  a s te p ,  or an o s c i l ­
l a t i o n .  The c a l c u l a t i o n  is made possib le  by use of  a mathe­
mat ica l  model t h a t  descr ibes the packed bed and enables the  
p r e d i c t i o n  of  the exper imental  r e s u l t s .  T h er e f o re ,  the 
r e s u l t s  are somewhat dependent on the model used as pointed  
out by ( 1 , 6 , 1 4 ) .
Many models have been used by d i f f e r e n t  i n v e s t i g a t i o n s  
in the study of  heat  t r a n s f e r  in packed beds. Most models 
are b a s i c a l l y  two-phase models,  i . e .  there  are two heat
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balances,  one fo r  each phase; the s o l i d  phase and the
f l u i d  phase. Each model is based on some assumptions which
may or may not be a p p l i c a b l e  in a l l  cases.  Some o f  these  
models are:
1) The Schumann model ( 6 )
3 T p ua
— E. = . v' — E _ — E.a. (y _ t ) *
31 v 3x eCppp ' F V
‘  t '> I t -  = ( t f  '  V
The Schumann model assumes t h a t  the f l u i d  is in plug f low ,  
no temperature g r ad ie n t  e x is t s  w i t h in  the p a r t i c l e ,  and i t  
neglects  ax ia l  conduct ion in the s o l i d  phase.
2) The Continuous So l id  model (C-S)  ( 6 ) :
3TF K f   ̂ Tp 3Tp .— E = .e.'___  ^__E _ y L  E _  ^a / j  _ j  \
31 eCppp 3 x2 v 3x CpPp U F V
8Tc 32Tc l, ,
1̂_ê at- = F72 + ( t f  '  V
The Continuous Sol id  model assumes t h a t  the f l u i d  is in 
dispersed plug f l o w ,  and t h a t  there  is a lso a x ia l  heat  con­
duct ion in the s o l id  phase which is cont inuous.  I t  is again  
assumed th a t  no temperature g rad ien ts  e x i s t  w i t h i n  the s o l i d
*A11 symbols are de f ined in nomenclature p. ( 5 l ) .
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3) The Dispers ion Concentr ic  model (D-C) ( 6 ) :
3 t
3T F
wi th  the boundary co nd i t i on :
@ r = R Ks I T -  = h ( T F - TS>
The Dispersion concent r i c  model assumes th a t  the f l u i d  is  
in dispersed plug f low and the s o l i d  p a r t i c l e  temperature  
f i e l d  has r a d i a l  symmetry. P a r t i c l e  to p a r t i c l e  heat t r a n s ­
f e r  is ignored.
Each of  the previous th ree  models is an at tempt  to 
r e a l i s t i c a l l y  represent  a packed bed.
The Schumann model does not take in to  account d i s ­
pers ion which becomes important  a t  low f low r a t e s .  The C-S 
model on the other  hand inc ludes  the d ispers ion  e f f e c t s  
and i n t e r n a l  heat  conduct ion in the s o l i d  phase. The D-C 
model ( 6 )  c a lc u la te s  an average p a r t i c l e  temperature from 
the conc en t r i c  p r o f i l e  and uses i t  as a loca l  s o l i d  tem­
pe ra tu r e  .
For present  purposes a t  high tempera tu res ,  where s i g ­
n i f i c a n t  p a r t i c l e  to p a r t i c l e  heat  t r a n s f e r  may be present
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due to r a d i a t i o n ,  the C-S model seems most ap p r o p r ia te .  
Experiments can be designed so th a t  the d is regard  of  pa r ­
t i c l e  i n t e r n a l  temperature g rad ien ts  is unimpor tant ,  
namely by the use o f  small  d iameter  p a r t i c l e s .  Li t tman  
and S l i v a  (2 )  have shown t h a t  a packed bed can be r e p r e ­
sented by the C-S model w i th  the d i spers ion  term in the 
gas phase neglected.  The two phase heat  balance equat ions  
are now the f o l l o w i n g :
epFCF I F -  = * GCF “ fx-  + ha <TS '  V
2
3T 3 T
( 1 - £ > PSCS I T  = Kes F F  + ha (T F - TS)
dX
Vortmeyer and Shaefer  ( 1 )  have reduced the Li t tman  
and S l i v a  model from two phases to one pahse based on the 
assumptions th a t  the thermal capac i ty  o f  the f l u i d  is much 
smal le r  than t h a t  o f  the s o l i d  and also t h a t  the second 
p a r t i a l  d e r i v a t i v e s  of  the f l u i d  and s o l i d  phases wi th  
respect  to x are equal .  A s u f f i c i e n t  cond i t ion  fo r  the 
l a t e r  assumption is t h a t  the f l u i d  and s o l i d  temperatures  
be almost e q u a l .
The one phase model becomes:
M  1 r  3T S -  / ,  O . 3 2 T r r  3T m
PS S 3t   ̂ e ha  ̂ av2 * GCF 3x (1)
a X
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A d e r i v a t i o n  of  the one-phase model is shown in Appendix A.
I f  a heat  loss term is inc luded to account fo r  heat  
l o s t  from the bed equat ion 1 becomes
3T~ G Cp 3T,. 3T<~
f 1- 6) Pscs - 5T -  - <xe + T i -  > - H r  - GC9x F 3x
- h' b <TS - V
where Tq is the average temperature o f  the surroundings.
In the per turbed dimensionless form the above equa­
t io n  becomes:
2
30 1 3 0  30 Un ( o \
^ 7  -  p -  y  w  '  He ( 2 )
The d e r i v a t i o n  of  the above equat ion is shown in Appendix A 
The boundary cond i t ions  fo r  the one phase model wi th  
step input  in gas temperature at  the i n l e t  of  the bed are:
@ x* = 0 ( i n l e t  o f  the bed)
GC,- (1 - 0) = -  AaX 36





The boundary condi tons are known as the Danckwerts 
boundary co n d i t io n s .  At the i n l e t ,  a heat balance is made
8
T - 2 4 3 2
on a d i f f e r e n t i a l  bed l en g t h .  At the o u t l e t ,  the boundary 
co nd i t i on  impl ies  th a t  the r e  is no temperature g r ad ien t  at  
the end o f  the bed. The reasoning behind t h a t  is t h a t  i f  
there  were a g r a d ie n t  i t  would be e i t h e r  p o s i t i v e  or nega­
t i v e .  I f  i t  were p o s i t i v e  then f o r  heat ing,  the temperature  
p r o f i l e  would pass through a minimum somewhere in the bed,  
and i f  i t  were negat ive  a heat  balance shows t h a t  the gas 
temperature ou ts ide  the bed would be higher  than the gas 
temperature a t  the e x i t  o f  the bed. N e i t h e r  case can occur;  
t h e r e f o r e ,  the g r a d ie n t  must be zero at  the o u t l e t  of  the  
bed. B isc hof f  (22)  has shown how these boundary cond i t ions  
may be a r r i v e d  a t  by d e t a i l e d  a n a ly s is .  I t  is  to be noted 
t h a t  the accumulat ion term in the o u t l e t  boundary cond i t ion  
may be neglected because the d i f f e r e n t i a l  volume can be made 
i n f i n i t e s i m a l l y  small  and because the thermal capac i ty  of  
the f l u i d  is small  r e l a t i v e  to th a t  o f  the bed.
The assumptions made in the d e r i v a t i n  o f  the Vortmeyer  
model are j u s t i f i a b l e  in the present  exper iments:  the f l u i d
physica l  p r o p e r t i e s  such as heat  c a p a c i t y ,  d e n s i t y ,  and t h e r ­
mal c o n d u c t i v i t y  are a l l  much smal le r  than those of  the s o l i d .  
C a lc u la t i o n s  show th a t  the p a r t i c l e  temperature becomes equal  
to the gas temperature  in a t ime much smal le r  than the t ime i t  
takes the temperature f r o n t  to cross one p a r t i c l e  d iameter .
The p e n e t ra t i o n  t ime f o r  the temperature to reach the center  
of  the spheres is about 0 .5  second; whereas the t ime requ i red
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f o r  the temperature f r o n t  to t r av er se  one p a r t i c l e  diameter  
ranges from 50 to 100 seconds. Th er e fo re ,  assuming the s o l i d  
t emperature equal to the f l u i d  temperature is a good assump­
t i o n .  The c a l c u l a t i o n s  mentioned above are f o r  a p a r t i c l e  
diameters o f  about 1 .8  mm and a mass f low r a t e  range from 
1.5  x 10~4 to 3 .0  x 10~4 kg /s .
So l u t ion  of  the one phase model (equa t ion  2) y i e l d s  
t emperature p r o f i l e s  as a fu nc t ion  of  t ime and the a x ia l  
d i r e c t i o n  f o r  given assumed values of  Pe and H. In equat ion  
( 2 ) ,  Pe represents the r a t i o  o f  the convect ive  to " d i f f u s i v e "  
heat t r a n s f e r ,  y is the vo lumetr ic  heat capa c i ty  r a t i o  and
H is eq u i v a le n t  to a number o f  t r a n s f e r  un i ts  f o r  heat  loss .
The Pe contains the terms: X° , the e f f e c t i v e  thermale
c o n d u c t i v i t y  of  the s o l i d  phase wi th  stagnant  gas. C o r r e l a ­
t ions  fo r  the values of  are given in the l i t e r a t u r e  ( 3 , 4 ,  
5 ) .  h is the in terphase  heat  t r a n s f e r  c o e f f i c i e n t ,  i t  could 
be due to convect ion only or a c o n t r i b u t i o n  of  both convec­
t io n  and r a d i a t i o n .  A poss ib le  assumption in the case where
both convect ive  and r a d i a t i v e  in te rphase  heat t r a n s f e r  are
present  is t h a t :
h = h + h . conv rad
3
*Vad 1S Pr ° P ° r t i o n a l  to T , but f o r  a small  temperature p e r ­
t u r b a t i o n  i t  can be assumed constant .  &, is  the area of  
s o l i d  per u n i t  volume and f o r  spheres is equal to:
T - 2 4 3 2 10.
a = 6 ( l - e ) / D p 
An advantage of  Vor tmeyer 's  one phase model over other  
models is i t s  s i m p l i c i t y  and i t s  ease of  s o l u t i o n .  This is  
not done at  the expense of  accuracy o f  the so lu t ion  as com­
pared to o ther  models.  I t  is  shown in  re fe re nce  (1 )  t h a t  
the one phase model y i e l d s  r e s u l t s  t h a t  are comparable to 
r e s u l t s  obta ined by other  models.
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APPARATUS
I . Desiqn Considera t ions
Since r a d i a t i v e  heat t r a n s f e r  becomes important  at  high 
temperatures and since the c a l c u l a t i o n  of  the in terphase  
heat t r a n s f e r  c o e f f i c i e n t  requ i res  the t r a n s i e n t  response 
of  a packed bed to a p e r t u r b a t i o n  in the gas tempera tu re ,  the 
apparatus should be able  to wi thstand the opera t ing  tempera­
tu re  and enable the p e r t u r b a t i o n  to be induced.  Also the 
design should consider  the assumptions made in the mathema­
t i c a l  model and t r y  to meet the cond i t ions necessary to make 
these assumptions v a l i d .
High temperature m a t e r i a l s  have, to be used in order  to 
s a t i s f y  the opera t ing temperature requ i rements .  Spher ical  
p a r t i c l e s  are to be used because of  the ease of  c a l c u l a t i o n  
of  the sur face area per u n i t  volume. The p a r t i c l e  diameter  
has to be small r e l a t i v e  to the bed diameter  in order  to 
minimize s o l i d  to s o l i d  r a d i a t i o n  and reduce the p o s s i b i l i t y  
of  channel ing.  This also decreases the t ime constant  of  
the p a r t i c l e ,  so t h a t  the pe n e t ra t i o n  depth of  p e r t r u b a t io n  
is  equal to or g r e a t e r  than the average p a r t i c l e  radius in  
a t ime smal le r  than t h a t  taken by the temperature f r o n t  to 
move one p a r t i c l e  d iameter .  As m e n t i o n e d , e a r l i e r  the 
l a t t e r  co nd i t i on  is s a t i s f i e d .
T - 2 4 3 2
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The reduc t ion of  the p a r t i c l e  diameter  reduces s o l i d  
to s o l i d  r a d i a t i o n  because the geometr ic mean beam le n g t h ,
Jl , is decreased.  Reference ( 9 ) shows t h a t  the r a d i a t i v e  
c o n t r i b u t i o n  to the thermal c o n d u c t iv i t y  of  the bed is  
d i r e c t l y  p r op or t io na l  to £ . Also,  small  spheres reduce  
the p o s s i b i l i t y  of  channel ing because they c rea te  many more 
paths f o r  gas f low and reduce voidage v a r i a t i o n s  a t  wa l ls  
and in t r u s io n s  l i k e  thermocouples.
The wa l l  th ickness of  the vessel  holding the packing  
should be small  so as to make the heat content  o f  the wa l l s  
small  r e l a t i v e  to the heat capa c i ty  o f  the bed.
11 . Apparatus Cons t r u c t i  on
A schematic diagram of  the apparatus is shown in F igure  
1. The gas supply ( i n  th is  case a n o n - r a d i a t i n g  gas; n i t r o ­
gen) passes through a rotamete r  on i t s  way to the h ea te r .
The gas f low is designed to enable a stream of  cold gas to 
bypass the fu rnace .  The stream could l a t e r  on be cut  o f f  
by means of  a toggle  va lve to a l low a step increase in the 
gas temperature to en te r  the bed. The t o t a l  f low through 
the bed remains unchanged because the supply va lv e ,  { 2 }  is  
chosen so t h a t  the gas v e l o c i t y  a t  the o r i f i c e  is sonic ,  
t h i s  makes the f low r a t e  independent  of  the downstream pr es ­
sure.




















a j • r *
s - +■> c o s_
<u 03 O o o
-L> CU •« - 4 -
T 3  03 - 3  +■> o >
<U CU 03 c U
_ a  - c  " a  i— •r~ 03
S . 3 + J •p*
a ) <u 03 CO 03 s -
J =  -C 3  C CU f0
1—  1—  CD •—i d : >
O  r—1 C\J CO «3- LO
i-H iH  H tH fH
i— r—
-C o
U_ 1— o s-
O ai -m -L>
c  •>- c
s 03 3 o
<c Q. CO u
cc
CD 0 ) s. r—
< 1— o 03
h—i s. CL-M C
Q OJ o  u o
+■> 3  cu
CJ cu CJ i— +J
t-* E o  cu i .
1— •r— E  co o
C -M s- a .
S r— <u *a o  cc:
LU 3  -C C s- cj





>>  > CO
r— r — s-
O . 03 0)















J =  03
cj x :  
X  o
03 i -  
<U 4 J
r - t  CVJ co -sf tn
T-2432
14
The h e a t e r ,  ,{11} , a "Harper E l e c t r i c  Furnace" w i th  a 
hol low carbon heat ing element ra ted  at  8 kw and a maximum 
temperature  of  1900 K (3000 ° F ) ,  is  used to heat  the gas 
before  i t  en ters  the bed {10}.  This is achieved by means 
of  th re e  meters of  ( 0 .25 "  x 0 .0 35 " )  Inconel  tubing placed  
i n s id e  the heater  in the form of  h a i r p i n  se c t io ns ,  f i v e  
passes in a l l .
The packing in the bed consists  of  "Coors Ceramic"
AD-90 spher ica l  granules ( t h e i r  mean diameter  is 1.837 mm) 
whose composi t ion and p r o p e r t i e s  are l i s t e d  in Appendix B.
A 2 .5"  l a y e r  of  1 /4"  spheres is  placed a t  the i n l e t  o f  the  
bed to evenly d i s t r i b u t e  the gas f low .  The temperature in  
the bed is measured by th ree  thermocouples.  The ju n c t io n s  
of  two { T l ,  T2}  are placed on the c e n t e r l i n e  of  the bed 
103 mm a p a r t ,  the t h i r d  j u n c t i o n  {T3} is placed a t  the wal l  
ad jacent  to T2. T3 is used to measure the temperature d i f ­
ference between the cente r  and the wal l  of  the bed. The bed 
and a l l  the hot tubing are in s u la te d  wi th  a high tempera­
tu re  i n s u l a t i o n ,  Johns M a n v i l l e  "Cerachrome" t h a t  can w i t h ­
stand temperatures of  about 1700 k (2600 ° F ) .  The thermal  
c o n d u c t i v i t y  of  t h i s  m a t e r i a l  is given in Appendix D. The 
bed and a l l  the hot t u b in g ,  except  the heat exchanger ,  are  
made of  304 s t a i n l e s s  steel . ;  A l l  tubing connectibns.  are  
made w i th  1 / 4 " ,  316 s t a i n l e s s  s tee l  "Swagelok" f i t t i n g s .
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The furnace temperature is c o n t r o l l e d  by a "Honeywell"  
SCR { 9 }  ac t in g  on the secondary t rans former  r e la y  swi tch of  
the fu rnace .  The SCR is d r iven by a "Honeywell" propor ­
t i o n a l  c o n t r o l l e r  {8} c a l i b r a t e d  to give 0-100% output  fo r  
an i n l e t  vo l tage range o f  41 .269 mV to 48 .828 mV , which 
corresponds to a temperature range of  1273 to 1473 K (1830  
to 2190 ° F ) .  The furnace temperature is measured wi th  a 
thermocouple (T4) .  Temperature control  to w i t h i n  ± 0 .25  K.  
The gas temperature e x i t i n g  the furnace is measured wi th a 
thermocouple (T5 ). A l l  thermocouples are standard type-K  
(Chrome!-A1umel) .
The bed consists  of  an 8" x 2" O . D . ,  304 s t a i n l e s s  s tee l  
tube wi th  0 .012"  w a l l .  A schematic diagram of  the bed is 
shown in Figure 2. The bed and i n s u l a t i o n  are placed in a 
55 gal s tee l  drum. A c y l i n d r i c a l  guard heate r  {12}  of  9 .5"  
in diameter  and 18" in length  surrounds the bed. The power 
i nput  to the guard hea te r  can be va r ied  by means of  a V ar ia c .  
The i n s u l a t i o n  temperature at  the guard is moni tored by a 
thermocouple ( T6 ) .  The guard heater  is used to minimize heat  
loss from the bed and t h e r e f o r e  minimize the steady s t a t e  
temperature g r ad ie n t  in the bed.
A heat ing c o i l  114} is wound, in the i n s u l a t i o n ,  around 
the tubing as i t  e x i t s  the furnace to minimize the heat loss 
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A l l  thermocouples are connected to a panel and s e l e c t o r  
sw i tc h ,  which in turn  is connected to a " K e i t h le y  D i g i t a l  
Mu l t imete r"  v ia  an "Omega CJ" cold ju n c t i o n  compensator.
The m ul t imete r  p r e c is io n  is 1 yV and i t  is accurate  to 
± 4 yV , in the range of  measurements (25 to 30 mV) .
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PRELIMINARY EXPERIMENTAL CHECKS
I . Channel i  ng
Pressure drops across the bed were c a lc u la t e d  f o r  the 
exper imenta l  f low r a t e  range and were found to be small  
(10)  ( l e ss  than 5 mm Hg) .  The pressure drop was measured 
a t  a much higher  f l o w r a t e  in two cases; f i r s t ,  when thermo­
couples T l ,  T2 and T3 were placed in the bed, second, when 
no thermocouples were p resent .  Measurements showed th a t  
the pressure drop in both cases was i d e n t i c a l  ( w i t h i n  the 
r e a d a b i l i t y  o f  the manometer) .  The p r e c is io n  of  the read­
ing was 1.3 mm of  mercury,  corresponding to an accuracy of  
about 1.8% in the range of  the value of  the pressure drop.  
This was evidence t h a t  the presence of  the thermocouples did 
not cause s i g n i f i c a n t  changes in the f low c h a r a c t e r i s t i c s  of  
the bed. Fur ther  evidence could be obtained by observat ion  
of  the bed thermocouples.  I f  wal l  channel ing were occur r ing  
T3 should have shown an increase in temperature before T2.
On the other  hand, i f  the re  were channel ing in the cente r  of  
the bed the converse should have been observed.  Moreover i f  
the re  were channel ing along the thermocouple w i r e ,  then T2 
and T3 should have s t a r t e d  changing as soon as T l .  None of  
the above cond i t ions  was encountered during the exper imenta l  
r u n s .
T - 2 4 3 2 19
I I . Rotameter C a l i b r a t i o n
The main f low rotameter  was c a l i b r a t e d  using a " P r e c i ­
sion S c i e n t i f i c  Company" wet t e s t  meter .  The reading in 
the ro tameter  is at  30 p s ig ,  pressure a t  which a l l  of  the 
exper imenta l  runs were performed.  The f low is a t  620 mm 
of  mercury and 70°F.  F igure 3 shows the c a l i b r a t i o n  curve.
The manufac ture r ' s  c a l i b r a t i o n  curve showed th a t  the f low  
r a te  was d i r e c t l y  p r op or t io na l  to the reading ( a t  1 atm and 
70 ° F ) .
I I I .  Thermocouple C a l i b r a t i o n
The thermocouples used in the exper iment  were c a l i b r a ­
ted aga ins t  a re fe rence  chosen a t  randon from the group. The 
procedure was to bundle the thermocouples and place them in 
the furnace a t  d i f f e r e n t  temperatu res.  At room tempera ture ,  
a l l  thermocouples read the same to w i t h i n  ± 1 yV of  each o t he r .
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THERMOCOUPLE CALIBRATION CURVES 
THERMOCOUPLE 2 AS REFERENCE
© -
T3
i 1 ! ! ' ! ! ! 1 T2 i 1
rre-O^Q 36.0 37.0 3j80 30 0 46 0 41-0 42 .0  4j3.0 44-0 4:5-0 46.0 47.0 48.0 49.0
millivolts
Figure 4. CALIBRATION CURVES FOR THERMOCOUPLES
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EXPERIMENTAL PROCEDURE
A f t e r  the furnace has reached steady s t a t e ,  the gas 
supply is turned on and the bed is heated to steady s t a te  
with the bypass va lve  open. Both the guard heate r  and the 
heat ing co i l  are switched on a t  the beginning of  the e x p e r i ­
ment.
When steady s t a t e  is reached,  as shown by the thermo­
couples placed in the bed, the char t  recorder  is switched  
on and the bypass va lve  is shut .
The change in temperature a t  the i n l e t  of  the bed is  
recorded as wel l  as the d i f f e r e n c e  between the i n l e t  and ou t ­
l e t  thermocouples.  The values of  the i n l e t  temperature are  
read p e r i o d i c a l l y  d i r e c t l y  from the d i g i t a l  mul t imete r  
because the values p l o t t e d  on the char t  recorder  are not  
accurate enough due to the high ranges s e t t i n g  requ i red  on 
the recorder  f o r  the i n l e t  temperatures .  The temperature  
d i f f e r e n c e  is read o f f  the cha r t  and is accurate  to 0.05% 
in the exper imenta l  range.
The exper iment  is cont inued u n t i l  the r a t e  of  change of  
the temperature wi th  t ime is small  compared to the maximum 
change.
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DATA REDUCTION PROCEDURE
The exper imenta l  data were f i r s t  reduced to a dimension 
less form.  A numerical  s o l u t i o n  to the one phase model was 
developed using the i m p l i c i t  method. A copy of  the computer  
program used and d e t a i l s  p e r t a i n i n g  to i t s  so lu t io n  are in 
Appendix E. I n i t i a l  s o lu t i on s  o f  the one phase model wi th  
a step increase a t  the i n l e t  of  the bed compared poor ly  to  
the exper imenta l  responses of  T2. The most impor tant  reason 
was the presence of  the l a y e r  of  la rge  spheres which caused 
d i spers ion  in the heat  wave, thereby changing i t s  shape.
A more successful  approach was as f o l l o w s .  The reduced 
exper imenta l  p r o f i l e s  were f i t t e d  to a po lynomial .  The 
polynomial  fo r  T l  was used as the fo r c in g  fu nc t ion  f o r  the 
numerical  s o l u t i o n .  The generated output  p r o f i l e  a t  T2 was 
then compared to the exper imenta l  output  and the Euc l i d ia n  
norm was computed fo r  d i f f e r e n t  pa i rs  o f  values o f  Pe and 
1-1. The E u c l id ia n  norm is de f ined as the sum of  the squares 
of  the d i f f e r e n c e s  between the generated and exper imental  
responses of  T2.
e “ j ,  (Tca lc  - Texp>2
An "error"map was drawn f o r  each run in order  to lo ca te  the 
values of  Pe and H t h a t  best  f i t  the data .
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FIGURE 5. SAMPLE ERROR MAP FOR RUN 4
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Dependence of error on:
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For comparison,  t h e o r e t i c a l  values f o r  Pe were c a lc u ­
la t ed  using the fo l l o w i n g  equat ion der ived in Appendix A.
1 /Pp = —1 y (  1 -e)  + Re Pr Y
1/Ke X Re Pr 6 Nu
Values of  ^gAg  were es t imated using d i f f e r e n t  c o r r e l a t i o n s  
from re fe rences ( 3 , 4 , 5 ) ,  as were values o f  Nu ( 2 , 6 ) .  The 
values of  were c a l c u l a t e d  wi th s o l i d  to s o l i d  and void
to void r a d i a t i v e  heat  t r a n s f e r  taken in to  account .  The 
equat ions used are l i s t e d  below:
From re fe ren ce  (3 )
X° /X = (X /X - 0 .757 log £ - 0 .057 log ( X /X ) (3 )
e g s g
The above equat ion does not account  
fo r  the r a d i a t i v e  c o n t r i b u t i o n .  From 
re fe rence  (5)  the r a d i a t i v e  c o n t r i b u ­
t i o n  ( X°/X ) was ca lc u la te d  and added r g
to the value obtained from the equat ion  
of  re fe re nce  (3 )
X° = 0 . 692  p D T3/ 1 0 8 ( 3A)
 ̂ P
Where T is in degrees Fahrenhei t  and
X° in ( B t u / f t  - hr - ° F ) .
From re fe re nc e  ( 5 ) :
A°/Xg = e ( l - e ) / ( c r  ( X g /  X s ) + 1/(1/(D + Dp hr s / X g ) +
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where hr s > the s o l i d - s o l i d  r a d i a t i v e  heat  
t r a n s f e r  c o e f f i c i e n t ,  is equal to:
hrs = 0 .1952 ( p / ( 2  - p ) ) .  ( T / 1 0 0 ) 3 
and hr v , the vo id - vo i d  r a d i a t i v e  heat  t r a n s ­
f e r  c o e f f i c i e n t ,  is equal to:  
h . v = 0 . 1 9 5 2 /  ( ( 1+  2 ( ^ e ) ) . . ( T / 1 0 0 ) 3
where T is in K e lv in ,  h and h „ are inr v rs
Kcal/m^ - h r .K )
<p = 0 . 0 4 ,  6 = a = 1.0
The c o r r e l a t i o n s  f o r  the Nussel t  number used 
were:
From re fe rence  (2)
Nu = 0 .89  Re0-41 0 .6  < Re < 13 (5 )
and from re fe re nce  (6)
Nu = 2 + 1 .1  R e '0 -6  P r 1/3  (6 )
Re is based on the s u p e r f i c i a l  v e l o c i t y
i
of  the gas whereas Re is based on the 
i n t e r s t i t i a l  v e l o c i t y .
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RESULTS
Figures 8 , 9 , 1 0  and 11 show the ex pe r im e n ta l ,  f i t t e d  
and where p o s s i b le ,  generated temperature responses fo r  
Tl  and T2 f o r  the values of  Pe and H l i s t e d  in Table 8.
Tables 1, 2,  3 and 4 are t a b u l a t io n s  of  the exper imental  
r e s u l t s .  Table 5 shows the f i t t e d  polynomial  c o e f f i c i e n t s  
f o r  Tl  and T2. Values of  Pe and H were obtained from runs 
#3 and #4. The f i r s t  two runs y ie ld e d  no r e s u l t s  >as d i s ­
cussed below. Tables 6 and 7 represent  the exper imental  
cond i t ions  f o r  each run.  Values of  the c a lc u la te d  Pe, fo r  
d i f f e r e n t  c o r r e l a t i o n s  mentioned e a r l i e r ,  are l i s t e d  in
Table 9. Column I uses values of  X°/X c a lc u la te d  frome' g
equat ion 3 wi th  the r a d i a t i o n  c o n t r ib u t io n  c a lc u la t e d  from
the d i f f e r e n c e  in equat ion 4 when h and h are evaluated ̂ rs rv
and when they are ignored.  Column I I  uses values of  ^gAg
c a l c u l a t e d  from equat ion 3 wi th  3A. Column I I I  uses values  
° f  ^ e ^ g  ca^cu^atec* from equat ion 4. Sub-columns (5)  use 
values o f  Nu c a l c u l a t e d  from equat ion 5. Sub-columns (6 )  
use values of  Nu c a l c u l a t e d  from equat ion 6. Table 10 r e p r e ­
sents the percent  d i f f e r e n c e  between the measured and ca lc u ­
la t e d  Pe f o r  d i f f e r e n t  c o r r e l a t i o n s  of  A°/A^and Nu.e g
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T a b l e
t * ( x l 0 ~ 4 )



















_1. R e s u l t s  f o r
6 oi n l e t  
0 .000  
- 0 . 0 0 4  
- 0 . 0 2 5  
-0. .051 
- 0 . 0 8 9  
- 0 .1 4 5  
- 0 . 1 9 0  
- 0 .4 0 2  
- 0 . 5 9 7  
- 0 . 7 4 0  
- 0 .8 1 3  
- 0 . 8 5 6  
- 0 . 8 9 8  
- 0 . 9 4 1  
- 0 . 9 6 1  
- 0 . 9 7 5  
- 0 . 9 7 8  
- 0 . 9 9 8  
- 1 . 0 0 0
Run #1
6 o u t l e t  
0.000  
0 .000  
0.000  
0 .000  
0 .000  
0.000  
0.000  
0 .000  
- 0 .0 5 3  
- 0 .1 5 5  
- 0 .2 5 0  
- 0 . 3 1 8  
- 0 .3 9 0  
; 0 .471  
- 0 .4 9 9  
- 0 .55 1  
- 0 .5 61  
- 0 .6 2 1  
- 0 .6 2 7
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R e s u l t s  o f  Run #2
0 o u t l e t
























9 i n l e t  
0.000  









































0 .316  
0.337
T - 2 4 3 2
32
t *
85 .76  




















T a b l e  2 .  ( c o n t . )
6 i n l e t  




0 .915  
0 .924  
0.931  
0 .939  
0 .945  
0.952  
0 .958  
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0.968  
0.973  
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_3. Resul ts of
6 i n l e t  
0 .000  
0.002  
0.005  
0 .010  
0.016  
0 .025  
0.037  
0.051  
0 .070  




0 .379  
0 .406  
0 .470  
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T a b l e  3.  C o n t .
9 i n l e t  
0 .826  
0 .845  





0 .936  
0.950  
0.963  
0 .967  
0 .970  
0 .973  
0 .985  
0.987  
0 .990  
0.999  
1.000
6 o u t l e t  
0 .294  
0 .329  
0 .373  
0.407  
0.445  





0 .627  
0 .634  
0.643  
0 .678  
0.684  
0.692  
0 .716  
0 .719
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T a b l e
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4 .  Res u l t s
6 i n l e t  
0 .000  
0.006  
0 .012  
0.022  
0.036  





0 .300  
0 .338  
0.409  
0 .475  






0 .740  
0 .763
Run £4
6 o u t l e t  
0.000  
0.000  
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T a b l e  A_. C ojrt.




0 .857  
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0.891  
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0 .920  
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TABLE 7. EXPERIMENTAL CONDITIONS
Mass Flow
Run Rate (Kg /s)  Tl  (K) ■ T2 ( K)
1 1.7 X 1 0 ' 4 926.15 863.65
2 1.5 X
<3-iorH 815.50 784.70
3 3 .0 X 10"4 914.40 878.65
4 2.0 X 10-4 877.70 883.60
TABLE 8. DERIVED RESULTS
Run Re Pe H
1 3.88 -
2 3.46 -
3 6.25 4563 .7875 x
4 4.38 2281 .8500 x
TABLE 9. CALCULATED Pe FOR
n __
DIFFERENT CORRELATIONS OF A°/X„ AND Nue g
i_________________n _____________ h i
( 5 )  (6 )  ( 5 )  (6 )  (5 )  (6)
3 3749 4335 3897 4693 3169 3677
4 2654 2890 2844 3116 2304 2479
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TABLE 10. PERCENT DIFFERENCE BETWEEN
CALCULATED AND MEASURED Pe FOR DIFFERENT
CORRELATIONS OF A°/A„ AND Nue' g
I I I  I I I
Run
(5)  ( 6 )  ( 5 )  ( 6 )  (5 )  ( 6 )
3 - 2 1 . 7  - 5 . 3  - 1 7 . 1  2 .8  - 4 4 . 0  +24.1
4 14.1 21.1 19.8 26.8 0 .10  8 .0
TABLE 11. ^ ° / * q FOR 
DIFFERENT CORRELATIONS
Run I I I  I I I
1 12.660 11.786 14.609
2 12.708 11.795 14.615
3 12.181 11.199 14.481
4 12.442 11 .510 14.567
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RESULTS FOR RUN 3, EXPERIMENTAL  
FITTED AND CALCULATED. PE=4563.
©
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F igure  10. RESULTS FOR RUN 3
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RESULTS FOR RUN 4, EXPERIMENTAL  
FITTED AND CALCULATED. PE=228l.
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FIGURE 11. RESULTS FOR RUN 4
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DISCUSSION OF RESULTS
The values obtained f o r  Pe in runs #3 and #4 seem to
compare fa vo ra b ly  w i th  the values c a lc u la te d  using the
d i f f e r e n t  c o r r e l a t i o n s  f o r  X°/X and Nu.e
Sample e r r o r  maps wi th  constant  Eu c l id ia n  norm contours  
fo r  runs #1 and #4 are shown in Figures 5 and 6. The maps 
f o r  runs #1 and #2 showed t h a t  the e r r o r  was a s t ronger  
fu nc t i on  of  H than Pe, wh i le  the maps f o r  runs #3 and #4 
showed the converse.  The shapes of  the e r r o r  contours in  
the cases mentioned above were s i g n i f i c a n t l y  d i f f e r e n t .  
Figure 7 shows the general  shapes of  the e r r o r  map in the 
cases when: H is predominant ,  such as f o r  run #1 and #2,
and when the dependence of  the e r r o r  is dominated by Pe,  
such as f o r  runs #3 and #4.
In t r y i n g  to examine the poss ib le  reasons t h a t  caused 
Pe to be undetermined f o r  the f i r s t  two runs,  a conclusion  
was reached based on the f o l l o w i n g  observa t ions:
1) The f i r s t  three  runs were conducted wi th  the same 
power input  in t o  the guard hea te r .
2) The l a s t  run was conducted wi th  double the power 
i nput  i n t o  the guard h e a t e r .
3) The h e a t . l o s s  term H, is in v e r s e l y  p rop or t io na l  to 
the v e l o c i t y .
4) Run #3 had the h ighest  f low r a t e .
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5) The f low r a t e  in runs #1,  #2 and #4 did not vary  
s i g n i f i c a n t l y .  Observat ions 2 and 5 imply t h a t  the only  
s i g n i f i c a n t  d i f f e r e n c e  between the f i r s t  two runs and the 
l a s t  was the power input  in to  the guard hea te r .  Observa­
t ions  1 and 4 imply t h a t  the main d i f f e r e n c e  between the  
f i r s t  three runs was the f low r a t e .  Observat ion 3 impl ies  
th a t  the d i f f e r e n c e  between the f i r s t  three runs was the 
heat loss c o e f f i c i e n t ,  H. The only common f a c t o r  between 
runs #3 and #4 was t h a t  in both cases the heat  loss c o e f ­
f i c i e n t ,  H, was reduced.  For run #3,  H decreased because 
the power input  to the guard heater  increased hence decreas­
ing the heat  loss from the bed.
This leads to the t e n t a t i v e  conclusion t h a t  (He) has
2 * 2to be small  compared to (1 /Pe  ( 1 - e )  3 6 /3x  ) in equat ion
2 f o r  Pe to be determined.
I t  is to be noted t h a t  wh i le  r e l a t i v e  e r r o r s o f  the f i t  
c a l c u l a t e d  from the Eucl idean norms are q u i t e  sm a l l ,  (1.7% 
f o r  run #3 and 2.4% f o r  run # 4 ) inspec t ion  of  the f i t s  
reve a ls  t h a t  the model produces a shape which is c o n s i s t e n t l y  
wrong. This could be a l i m i t a t i o n  of  the model.  Fur ther  
t e s t i n g  wi th d i f f e r e n t  models may reveal  which of  the neg lec ­
ted parameters is res p on s ib le .
ERROR ANALYSIS
I .  E r ror  in the dimension!ess temperature
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o The numerical  s o lu t io n  
The time and space i n t e r v a l s  were reduced u n t i l  the genera­
ted temperature p r o f i l e s  were constant  to the t h i r d  s i g n i f i ­
cant  d i g i t .  This was e q u iv a le n t  to a r e l a t i v e  e r r o r  o f  0 .001  
or 0.1%.
o The exper imenta l  data  
The values o f  the dimensionless temperatures were c a lc u la te d  
from the r a t i o  o f  the temperature change a t  t ime t  to the 
t o t a l  change in temperature a t  the i n l e t  o f  the bed. The 
r e l a t i v e  e r r o r  was equal to about 0.1%.
o The f i t t e d  exper imenta l  data  
The exper imenta l  data were f i t t e d  in to  a polynomial  form.
The e r r o r  int roduced was less than 0.1% 
o The generated s o lu t io n  
The average r e l a t i v e  e r r o r  c a lc u la te d  from the Euc l i d ia n  
norm was 1.7% f o r  run #3 and 2.4% f o r  run #4.  The average  
e r r o r  was c a l c u l a t e d  by tak ing  the square root  o f  the r a t i o  
of  the E uc l i d i a n  norm to the number o f  temperature d i f f e r e n ­
ces used to c a l c u l a t e  i t .  Therefore  i t  may be seen t h a t  the 
deviation between the generated s o lu t io n  and exper imental  
data was l a r ge  r e l a t i v e  to the other  e r r o r s  in temperature .
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I I . E r ro r  i n Pe
The P ec l e t  number th a t  y i e ld e d  the minimum e r r o r  was 
determined in a range of  ± 0.4% f o r  run #3 and 0.7% f o r  
run #4.
I I I .  E rror  in dimensionless t ime (=tD / v )
r
The dimensionless t ime was c a lc u la te d  using the actua l  
t ime ,  and the s u p e r f i c i a l  gas v e l o c i t y ,  and the average p a r ­
t i c l e  d iameter .  The gas v e l o c i t y  was c a lc u la t e d  from the mass 
f low r a t e  which was read o f f  the ro tameter .  The e r r o r  in the  
v e l o c i t y  equaled the e r r o r  in the mass f low r a t e .  The r e l a ­
t i v e  e r r o r  in the mass f low ra te  was determined by the read ­
a b i l i t y  of  the ro tameter  ( 1 / 2  d i v i s i o n / 1 0 0 ) ,  which c o r r e s ­
ponded to an e r r o r  o f  0.5%, and the accuracy of  the wet t e s t  
meter .  A reasonable f i g u r e  of  the l a t t e r  would be about
0.5%. The mean p a r t i c l e  d iameter  was c a lc u la te d  from the 
s o l i d  dens i ty  and the average mass of  a sphere.  The r e l a ­
t i v e  e r r o r  in the mass o f  the sphere is about 0.5% and the  
o v e r a l l  e r r o r  in dimensionless t ime is  about 1.5%. I t  is to 
be noted t h a t  the e r r o r  in the dimensionless t ime w i l l  not  
a f f e c t  the d e v i a t i o n  between the generated and exper imenta l  
responses.
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CONCLUSIONS
From the r e s u l t s  ob ta i ne d ,  i t  may be concluded th a t  
the apparatus b u i l t  and the data reduct ion  scheme used are  
capable of  determining a P ec le t  number in reasonable agree­
ment w i th  the values c a l c u l a t e d  using the var ious c o r r e l a ­
t i ons  of  \°/Xn and Nussel t  number, e' g
C a lc u la t i o n s  have shown t h a t  the value of  the Nussel t  
number i n f e r r e d  from the Pe data was s t r o ng ly  dependent on 
the value of  assumed, and th a t  the range of  values of
A°/Ag obtained from d i f f e r e n t  c o r r e l a t i o n s  y i e l d e d  a very  
wide range o f  Nussel t  numbers ( - 3 3 . 7  to 5 .9  f o r  run #3 
and 0 .67  to 1.7  fo r  run #4 ) .  Therefore  the value of  
has to be known more a c c u r a t e l y ,  p re fe rab ly  from an indepen­
dent measurement.
The one phase model seemed to be able to p r e d i c t  the 
exper imental  t emperature p r o f i l e s  when Pe was determined.
The d e te r m in a b i1 i t y  o f  Pe depended on the magnitude of  the 
dimensionless heat  loss t r a n s f e r  c o e f f i c i e n t  H. When H was 
l a r g e r  than about 1 .0  x 10"^ ( i n  the exper imenta l  cond i t ions  
rang es ) ,  Pe was undetermined.
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RECOMMENDATIONS
From the r e s u l t s  and conclusions of  the exper iments  
i t  i s  recommended to:
1. Increase the d iameter  o f  the bed in order  to m i n i ­
mize the r e l a t i v e  heat  loss from the bed. A l a r g e r
diameter  bed has a smal le r  wal l  area to volume r a t i o .
2. Add more thermocouples to the bed in order  to have 
more d e t a i l s  about the temperature p r o f i l e s  in the  
bed.
3. Conduct runs f o r :
a. Same temperature  and d i f f e r e n t  f low r a t e s .
b. Same f low r a t e  and d i f f e r e n t  temperatures.
This w i l l  enable the comparison o f  d i f f e r e n t  runs wi th  
only one parameter  change a t  a t ime.
4.  Increase the res idence t ime of  the gas in the
heat exchanger and a l low  fo r  a higher  gas tempera­
tu re  to be reached.
5. Decrease the d is tance  between the furnace and the 
bed to minimize heat  loss from the gas before i t  
reaches the bed.
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NOMENCLATURE
a Sol id  area per u n i t  volume of  bed (m~*)
b Gas-wal l  contact  area per u n i t  length of  bed (m)
c Heat capa c i ty  ( J / k g . k )
D Mean p a r t i c l e  d iameter  (m)
2
G Gas mass v e l o c i t y  (Kg/m . )
2
h In te rphase  heat t r a n s f e r  c o e f f i c i e n t  (W/m -Id)
h' Heat loss c o e f f i c i e n t  (W/m^-ld)
H Dimensionless heat loss c o e f f i c i e n t
h conV Convect ive in te rphase  heat t r a n s f e r  c o e f f i c i e n t
h^acj R ad ia t i v e  in te rphase  heat t r a n s f e r  c o e f f i c i e n t
h S o l i d - s o l i d  r a d i a t i v e  heat  t r a n s f e r  c o e f f i c i e n tr s
h Vo id -vo id  r a d i a t i v e  heat t r a n s f e r  c o e f f i c i e n tr v
K E f f e c t i v e  thermal c o n d u c t iv i t ye J
L Length of  bed
Nu Nussel t  number (hD / A . )
p f
p E m is s iv i t y  o f  s o l i d
Pe P ec l e t  number ( L v / a  )
eax
Pr Prandt l  number
Re Reynolds number based on s u p e r f i c i a l  v e l o c i t y
(pvDp/y)
Re1 Reynolds number based on i n t e r s t i t i a l  v e l o c i t y
CpVDp/ y )
T Temperature
T Gas i n l e t  temperature
T i me
S u p e r f i c i a l  v e l o c i t y  
I n t e r s t i t i a l  v e l o c i t y  
Axia l  d is tance v a r i a b l e
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Greek Symbols
a eax E f f e c t i v e  a x ia l  thermal  d i f f u s i v i t y  of  bed
“ eF Axia l  f l u i d  thermal  d ispers ion c o e f f i c i e n t
a Thermal d i f f u s i v i t y
(3 Rat io of  e f f e c t i v e  length  between centers  to 
p a r t i c e l  d iameter
0 Rat io of  e f f e c t i v e  length of  s o l i d  r e l a t i n g  to 
thermal conduct ion to the p a r t i c l e  diameter
Rat io of  the e f f e c t i v e  th ickness of  f l u i d  f i l m  
ad jacent  to contact  sur face of  two s o l i d  p a r t i c l e  
to the p a r t i c l e  d iameter
£ Bed void f r a c t i o n
P Den si ty
A Thermal c o n d u c t i v i t y
Y Volumetr ic  heat ca pa c i ty  r a t i o  of  f l u i d  and s o l id
y V is c o s i t y  of  f l u i d
Subscr ipts
s So l id
F Flu id




o No f low
*  Dimensionless
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APPENDIX 
DERIVATION OF THE ONE
A
PHASE MODEL
T - 2 4 3 2
57
APPENDIX A
I .  D e r iv a t io n  of  the one-phase model wi th heat loss .
1. 2-phase energy equat ions
Gas e PFCF ^ = - GCF dTx + ha( Ts - Tg) + h ' b ( V V
3T 32Ts
Sol id  ( l - o )  p sCs ^  = ha(T - Ts ) + ( l - O K es
3 dX
( 1 - e ) K is of  the same order  o f  magnitude as A8 ( 1 ) .
Assume thermal ca pa c i ty  o f  f l u i d  is small  compared to 
thermal  capa c i t y  of  s o l i d ,
0 = + GCF + ha O g - Ts ) - h ' b ( T 0 - T g ) (1A)
( 1 - £ ) P s Cs S 1  = h a ( Tg * T s> + Ae - , 7  ( 2A)
S ub t ra c t i ng  1A from 2A
3 d  n 32T_ 3T
xe 7 7  - GCF ^ f + b ' b < V V
aTs aTs+ GC r — -  - GCc — -
h 8x h 3x
.  A°  £ l § .  .  GCF 3^ T9 ' T s ) - GCf ^  ( 3A)
8  9X 9X 9X
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From equat ion 1A
rv/T “T . GCr  h ' hi / T -  T \9 ( g s) _ F 9 Tg _ n b g ( Q q )
3x ha £x2 ha 8x
S u b s t i t u t i n g  in 3A
9T n 2T r r  a2T
- T I "  3 ( T ° ^ T g ) ) - GCF W~ +h'b( To - Tg)
Assume :
Ts " V  
32T 32T
 i  ~  a
2 2 9x 9x
7 7 7
3T„ „ 6 Cn I T .  h , K »T
< l - O p sC* ^  ■ U °  + -J r  + ^  GCp
31\GCp +h'b(T -T )
3X
7 7 7
G Cr 3 T h ,u 3T
<*e + T I ^ >  + ( \ i  - 1J GCF ^ f
+ h'b(T0 - Ts )
h'b
ha << 1;
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T h e r e f o r e :
2 2 2
3T n G Cr- 3 T 3T
U - > P s Cs a t 1  = ( A e + - h / ' )  7 T  -  g c f •—3 x 3 x
-  h ' b  ( T  - T  ) ( 4 A )s 0
I I .  P e r tu r b a t i o n  Analys is
Assume T = T + T s s s
where Tgs is the steady s t a t e  temperature and T is the
p e r t u r b a t i o n .
L e t :  G2 C 2
A °  + —r —  = Ae ha ax
Equat ion 4A becomes
n - ' K ' s  a | S ; r ’ •
3 x
. r r  » ( T »  + T ' >" U v r  r\F 3 x
- h ' b( Tss + T ' - V <5A)
at  steady s t a t e  equat ion 5A becomes
n -  x s 2 t ^  3T0 ax  P -  - GCc - r -^ -  - h'b (T - T J  (6A)2 x 2 F 3 x  x ss o '
T - 2 4 3 2
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Sub t rac t in g  6A from 5A we get :
(1-e)pscs gt = *ax l£r  . GC |I1 _ h,bT, J7AJ
3x F 3X
111. Dimensionless form
Defi  ne :
t *  n » XD 9 D ’ T'p p
where T ' ^ is the maximum ampl i tude of  the p e r t u r b a t i o n , 
Equat ion 7A becomes:
p
/ \ r v 86 Aax 80 "'cp 8-6 U i u a / oa>
( 1 - e ) p sCs P F  = -p r  ^ 7 2  '  T p  3 ^  - h b6(8A)
D i v i d in g  8A by ( l - e ) p sCs v/Dp we get
36 _ Aax 32 e GCF 3.0
9 t *  -  Ps CsDpv ( l - £ ) gX*2 - n T F ) p sCsv 3x*  
h 1 b D
2—  0 ( 9A)
n - £ )PsCsv
Def i  ne
Xax/p C = a ; the e f f e c t i v e  a x i a l  thermal d i f f u -  s s eax
s i v i t y  of  the s o l i d
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Pe = D v/ct v ; the P ec l e t  number based on the par -
P G a X
t i d e  d iameter .
PpCp
Y = -  q (1 - e ) * v° 1 umetri*c heat  cap ac i ty  r a t i o
h'b D
H = p" "c ( i _ £ ) v » the dimension! ess heat loss c o e f f i ­
c i e n t .
Equat ion 9A becomes
36 -  l  s2 e 06 u0 , in A ,
3 t *  P e ( l - e )  'ax*2 " Y 3 x* ‘  H9 (10A '
IV.  Peas  a f u n c t i o n  of  dimensionless groups 
Pe is de f ined as:
Pe = Dp v / “ eax
a eax = U g  + g2cF 2/ ha ) / P sC:
Ther e fo re :  Pe = D v p„C / ( X°  + G2Crp s v e F
or ^0 P2r 2
1 .  e  ̂ G Cf
Pe D v p Cr ha Ddv p Cp s s P s :
( H A )
m u l t i p l y i n g  and d i v i d i n g  by PpyCp A and s u b s t i t u t i n g  a f o r
r  r  y
6 ( l - e ) / D  equat ion 11A becomes
r
>°1 _  e y ( 1 - e) Re Pr y
"Pe"” Ag Re Pr 6 Nu
- 2 4 3 2
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APPENDIX B 
SOLID PROPERTIES
B - l :  So l id  Composit ion
Due to t rade secrets  the exact  composi t ion of  the  





S i l i c a 7
Magnes i a 1
Calc i  a 1
I ron 1
From Reference ( 1 2 ) ,  t h e r e a t  capac i ty  of  each component 
is found. The heat  ca pac i ty  o f  the s o l i d  was c a lc u la te d  
using the weight  percent  as an averaging f a c t o r .
C = .9 Cfl1 + .7 Cc n + .1 CM + .1 Cr + .1 Ctrk 
s ^ 2  3 i 2 ^
Cs = 2 .432133 x 10‘ 2 + 7.3507159 x 10 *4 (T)  - 6.950511  
x 10‘ 7 ( T 2 ) + 2 .2368314 x 1 0 ' 10 ( T 3 ) ,  kCa l /g  K 
The c a l c u l a t e d  value of  C$ a t  100°C was found to d i f f e r  by 
3% from the value reported in Coors Ceramics b u l l e t i n  No. 953
B-2: So l id  Thermal C on duc t iv i t y
Thermal c o n d u c t i v i t y  data f o r  AD-90 was taken from 
Coors Ceramics b u l l e t i n  No. 953 and f i t t e d  in t o  a t h i r d  
order  po lyn om ia l .
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As = 17.691246 - . 05338163 ( T ) + .899576T3 x 10“4 (T)
- . I 7018777 x 10‘ 7 ( T 3 )
where T is in °C and X in w/m Ks
B-3 : So l id  Densi ty
The dens i ty  of  the packing was measured and found to
3
be 3510 kg/m at  room temperature .
Temperature e f f e c t s  were c a l c u l a t e d  and found to be 
n e g l i g i b l e  ( l e ss  than 1.5%) (13)  Figure 12 showed the thermal  
expansion curve as a fu nc t i on  of  t emperature .
B-4: So l i d  P a r t i c l e  Diameter
The p a r t i c l e  d iameter  was found to be 1.837 mm at  room 
tempera tu re .  Temperature e f f e c t s  were found to be n e g l i g i ­
b le  less than 0.5% (13 ) .
B-5: Bed Void F r ac t ion
The bed void f r a c t i o n  was found to be .349 a t  room 
t e m p e r a tu r e .
B-6: Procedure f o r  Determining S o l id  Den s i ty ,  P a r t i c l e
Diameter  and Void F r a c t i o n .
In a 500 ml f l a s k ,  place enough spheres to f i l l  the  
f l a s k  to the 500 ml mark. Add enough water  to the spheres 
to f i l l  the f l a s k  to the 500 mm mark. Record the volume of  
water  added.






Figure 12. SOLID THERMAL
EXPANSION CURVE
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The volume of  voids is equal to 500 ml minus the  
volume of  water .  The void f r a c t i o n  is equal to the r a t i o  
of  the volume o f  the voids to the t o t a l  volume.
Weigh the spheres.
The dens i ty  of the s o l i d  is equal to the r a t i o  of  the  
mass of  the spheres to t h e i r  volume. The volume of  the  
spheres is equal to the t o t a l  volume minus the volume of  
water .
Weigh a number of  spheres (5 0 0 ) .  C a lc u l a t e  the 
average weight  of  one sphere.  Ca lc u la te  the volume of  one 
sphere.  The volume of  one sphere is equal to the mass of  
one sphere m u l i t p l i e d  by the de n s i ty .  C a lc u la te  the average  
diameter  o f  one sphere.
B-7:  So l id  E m is s iv i t y
The s o l i d  e m i s s i v i t y  (p)  used in the c a l c u l a t i o n  of  
the s o l i d - s o l i d  and v o id - v o id  r a d i a t i o n  heat t r a n s f e r  c o e f ­
f i c i e n t s  was 0 . 3 5 . The value was taken from re fe rence  (17)  
f o r  a gra in  s i ze  o f  4 p.
APPENDIX C 
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Al l  n i t rogen  p r o p e r t i e s  are taken from Reference ( 7 ) .  
In the case when they are not a v a i l a b l e  at  the tempera­
tu re  r e q u i r e d ,  the values l i s t e d  are e x t r ap o la te d  l i n e a r l y .  
Al l  p r o p e r t i e s  except  dens i t y  are a t  1 atm.
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Figure 13 shows the thermal c o n d u c t i v i t y  o f  the in su ­
l a t i o n  as a fu nc t ion  of  temperature and d e ns i t y .
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Cornbtnnkot, Cornloll and Corachromo Folt
• k -J 3 Iu jn _
























0 500 1500 20001000
M ean Tem p °F
Figure 13. THERMAL CONDUCTIVITY 
OF THE INSULATION
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APPENDIX E
The computer program developed fo r  the s o lu t io n  of  the  
modi f ied one phase mode u t i l i z e d  the i m p l i c i t  method of  
s o lu t io n  of  p a r t i a l  d i f f e r e n t i a l  equat ions.
In the program the f i n i t e  d i f f e r e n c e  approximat ions f o r  
the d i f f e r e n t  p a r t i a l s  were the fo l l o w i n g :
at  At
Tn+1 Tn+1 
'3T i + 1 " 1 i
ax Ax
? Tn+1 oTn+1 + Tn+1 
3 T = i + 1 - i i -1
3x 2 ( Ax ) 2
By s u b s t i t u t i n g  the p a r t i a l s  by t h e i r  e q u i v a l en t  f i n i t e  d i f ­
ference approximat ions a set  of  l i n e a r  simul taneous equat ions  
was obta ined f o r  each node i in which the temperature at  the  
new t ime n+1 was c a l c u l a t e d .  The Thomas a l g o r i t h i m  (11)  was 
used to solve the set  of  equat ions a t  each new t ime.
The boundary cond i t ions  used were
1. At the i n l e t :  The f i t t e d  polynomial  o f  the response
of  the i n l e t  thermocouple was used to c a l c u l a t e  the tempera­
tu re  a t  the f i r s t  node a t  each new t ime.
2. At the o u t l e t :  The boundary cond i t ion  used was:
T - 2 4 3 2
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Tn+1 Tn+1 
dl _ 1+1 “ ‘ i
3x Ax
which impl ied t h a t :
Tn+1 Tn+1 
l + l  " ‘ i
That was done to f i n d  the temperature a t  a f i c t i t i o u s  node 
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SOLUTION OF DIFFERENTIAL EQUATION 
FOR PACKED BED USING ONE PHASE 
MODEL AS SUGGESTED BY VORTMEYSR ( 1 ) .
THIS PPROGRAM TAKES INTO ACCOUNT 
HEAT LOSS FROM THE BED
★*★***★*★ IMPLICIT METHOD * * * * * * * *
DIMENSION TNEW(IOO), TOLD(IOO),  TFIT( IOC)
DIMENSION AA( 1 0 0 ) /  3 8 ( 1 0 0 ) ,  CC(IOO),  S (OslO) ,  P (0 :1 0 )  
DOUBLE PRECISION TIMES,DTS
WRITE!4 ,102 )
102 FORMAT!'  ENTER PECLET NUMBER AND GAMMA ' )
READ ( 4 / 1 0 1 )  PE/GAMMA
106 FURMAT(IG)
WRITE( 4 / 1 0 3 )
103 FORMAT( '  ENTER DIMENTIONLESS TIME AND
1 NUMBER OF NODES ' )
R£AD(4 ,101 )  DTS,M 
101 FORMA I ( 2G)
WRITE ( 4 , 1 0 4 )
104 FORMAT!' ENTER THE HIGHEST ORDER OF POLYNOMIAL FIT ' /
I  '  FOR INLET AND OUTLET TEMPERATURES ' )
READ( 4 , 1 0  6) N 
DO 2 1 = 1 , N+i 
K = I  -1
WR I T E ( 4 , 1 0  9 )  K , K  
109 FORMAT!' ' , '  ENTER COEFFICIENT A ( ' , 1 3 , ' ) ' , 5 X , ' 8 ( ' , 1 3 , ' ) ' )  
READ(4 , 1 01 )  S( K ) ,  P(K)
2 CONTINUE
WRITE!4,10 5)
READ( 4 , 1 0 6 )  H 
105 FORMAT( '  ' , '  ENTER d ' )
WRITE(4,110)
110 FORMAT!' ENTER MAXIMUM TIME (DIMENTIONLESS X 1 0 - 4 ) ' )  
READ( 4 , 1 0 6 )  TXMAX 
WRITE!4 ,112 )
112 FORMAT!' ENTER THE TIME BEFORE WHICH OUTLET IS ' /
1 '  ZERO (DIMENTIONLESS X 1 Q - 4 ) ' )
READ!4 ,1 06 )  TIM1N
CALCULATE DXS, THE SPACE INTERVAL 
THE LENGTH OF THE BED IS .103 METER.
THE PARTICLE DIAMETER IS 1 .837E-03  
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C
1000 DXS=.1 0 3 / ( 1 . 8 3 7 £ - 0 3 * M)
SET ITERATION COUNTER, TIME,
AND SUM OF DIFFERENCE SQUARE 
(EPS) TO ZERO.






D E L T A = 1 . 0 / ( P E * ( 1 . 0 - . 3 4 9 ) )
CALCULATE CONCTANTS FOR FINITE
DIFFERENCE e q u a t i o n .
C1=-DELTA*DTS/(DXS**2)
C 2 = - 2 . * C 1 + G a M M A * D T S / D X S + H * D T S + 1 .
C3=C1-GAMMA*DTS/DXS
C6=C2+C1
INPUT ELEMENTS OF TRIDIAGONAL MATRIX
AA(2)=0.
A A ( M ) = C 3 




DO 20 1 = 3 ,M-l  
AA(I )=C3  
BL( I ) =C2 
CC(I )=C1
20 CONTINUE
INPUT IN IT IAL TEMPERATURE DISTRIBUTION
DO 10 1 = 1 , M 
TOLD(1 ) = 0 .
10 CONTINUE
INCREMENT TIME AND CHECK IF  IT  
IS GREATER THAN THE REQUIRED 
TIME FOR THE RUN.
1 TIMES=TIMES+DTS
TIME=TIMES* l .E-04  
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CALCULATE NEW TEMPERATURE FOR THE 
FIRST NODE AND THE CONSTANT FOR 
THE SECOND NODE.
TNEW(1)=S(0 )+T IME*(S(1)+T IME*(S(2)+T IM£* (S(3)+TXME* (S<4 )  
1 + T I M E * ( S ( 5 ) + T 1 M E * ( S ( 6 ) ) ) ) ) ) )
T0LU(2)=T0LD(2)-C3*TNEW(1)




IF (COUNT.EG.5 0 . 0 )  GO TO 11 
GO TO 50 
11 C0UNT=0.
WRIT5( 1 , 1 0 1 )  TIME/TNEWC1)  
riRITEC 7 /101 )  TIME,TNEW( M)
T F I T ( M ) = P ( 0 ) + I I M E * ( P ( l ) + T I M E * ( P ( 2 ) + T I M E * ( P ( 3 ) +
1 T 1 M E * ( P ( 4 )+ T IM E * (P (5 ) + T 1 M £ * (P (6 ) ) ) ) ) ) )
I F ( TIM E • L T • T I MI N) TF I T (M )=0.0  
WRITE(2/101)  TIME/ TFIT(M)
D iFR=(TNEW(M)-TFIT(M) ) * *2
SUM-THE SQUARES OF THE DIFFERENCES 
BETWEEN THE FITTED AND CALCULATED 
TEMPERATURE FOR NODE M.
EPS=EPS+DIFR
GO TO 50
500 WRITE( 4 , 1 0 7 )  PE, EPS
107 FORMAT('  END OF CALACULATIONS FOR P E = ' , F 1 0 . 2 , 5 X , * E P S = ' / E 1 2 . 7) 
STOP 
40 CONTINUE- 
50 DO 60 1 = 1 , M
TGLD( I )=T nE * ( I )
60 CONTINUE 
GO TO 1 
E ND
SUBROUTINE FOR SOLVING A SYSTEM OF LINEAR SIMULTANEOUS 
EQUATIONS HAVING A TRIDIAGONAL COEFFICIENT MATRIX
REFERENCE CARNAHAN, LUTHER AND WILKES P446
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SUBROUTINE TRiDAG(IF,  L,  k,  B, C, D/ V) 
DIMENSION V( L ) /  A ( L ) /  B ( L ) ,  C (L ) ,  D ( L ) /
1 BETA( lO l ) /  THETA(IOl)
C
BETA( IF)=8( IF )
THE TA( IF ) =D( IF ) /BETA( IF )
IF P I= IF+1  
DO 1 I = IF P 1 ,L
B £ T A ( I ) = B ( I ) - A ( I ) * C ( I - l ) / B E r A ( I - l )




DO 2 K = I ,LAST  
I - L - K
2 V ( I ) = T H E T A ( I ) - C ( I ) * V ( I + 1 ) / B E T A ( 1 )
RETURN
C
E D
